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1. Executive summary 
The University of Queensland Surat Deep Aquifer Appraisal Project (UQ-SDAAP) has assembled a regional 
geological model of the Precipice Sandstone to Evergreen Formation strata in the Surat Basin. It integrates 
existing seismic data, well data, and their associated geological interpretations using Schlumberger’s Petrel 
software. The aim was to produce a 3D geological model, which combines all the subsurface geological 
understanding, to depict the spatial distribution of reservoirs and seals that is consistent with all available 
data. Subsurface data integration supported the creation of a conceptual geological model. In addition, using 
the play concept developed for the Precipice Sandstone and Evergreen Formation we can assess 
subsurface fluid flow and its implications for CO2 storage. Constructing large-scale models for the Surat 
Basin has limitations relating to areas of sparse data and this carries with it a relatively high degree of 
uncertainty. However, this uncertainty was mitigated by using our conceptual understanding of the 
depositional environments to infill data gaps in a manner which is internally consistent with all the available 
data and data types. 
2. Methodology and input data 
The 3D regional static model integrates deterministic data such as petrophysical logs, drill stem tests, well 
tops, structural surfaces from seismic and wells, and paleogeographic maps of depositional systems into a 
probabilistic distribution of facies and rock properties. The construction of the regional static model 
comprises of three phases: 1) structural modelling, 2) facies modelling, and 3) property modelling, which was 
co-dependent on the facies modelling. Figure 1 illustrates the sequential workflow applied to build the 3D 
regional static model according to: 
1. The sequence stratigraphic surfaces and major fault structures mapped from seismic interpretation are 
the input to structural modelling (see details in Gonzalez et al. 2019a). This creates a stratigraphic 
framework that is based on an interpretation of “play concept” and paleo-depositional environment. This 
allows the three main stratigraphic zones of the storage complex to be defined: 1) Blocky Sandstone 
Reservoir, 2) Transition Zone, and 3) the Ultimate Seal (La Croix et al. 2019b)  
2. The 3D facies model was created from simplified facies obtained with a Vshale cut off for all wells with V-
shale log information. Considering the regional scale of the model and computational efficiency, the 
detailed facies information needs to be simplified but has to be still broadly consistent with the  
10 km x 10 km sector models (La Croix et al. 2019e) built to evaluate geological uncertainty in the 
Transition Zone. The lessons from the 10 km x 10 km sector modelling were used to define four facies 
classifiers for the regional model (sand, silty sand, silt and mud). The model facies are laterally guided by 
paleogeographic maps. In the vertical direction, the Vshale facies proportions from up-scaled analyses 
was used. The “most of” up-scaling method is a proxy for the most dominant facies at each stratigraphic 
interval and or layer. 
3. The property model includes the 3D effective porosity model PHIE and the 3D horizontal permeability 
model kh. The ‘Shaliness’ (Vshale), effective porosity (E), and horizontal permeability (Kh) parameters are 
calculated from continuous wireline logs (see Harfoush et al. 2019a, 2019b, 2019c) to estimate reservoir 
properties at locations offset from data control points for each stratigraphic zone in the model. Well data 
distribution (functions and histograms), porosity-depth trends for sandier facies and lateral trends guided 
by 2D geographically distributed property maps define the inputs to the property model. Statistical well-
function distributions were adjusted using 2D maps to fill the spatial data gaps. The regional geological 
model does not consider vertical permeability. This is dealt with in the dynamic modelling for the regional 
groundwater or notional injection sector models (Rodger et al. 2019d and Hayes et al. 2019b)  
The regional static model was populated using gaussian random function simulation (GRFS) and uses 
variograms, correlation coefficients, and trends to constrain the vertical and lateral distribution of properties. 
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Substantial professional judgement, manifested through in-depth, team, technical discussions were 
employed to derive a “best understanding” of the variable geology of each zone. The GRFS method has 
advantages over sequential gaussian simulation (SGS) as it is faster to run and it supports collocated co-
kriging. Thus, co-kriging was the most common method used to ‘trend’ well data into a lateral spatial 
distribution. This method uses a secondary variable to guide the distribution of the simulated data. The 
secondary variable will be automatically normal-scored internally before the algorithms are run, so the 
correlation coefficient estimated by Petrel in the GRFS interfaces takes into account the normalised 
distributions of the primary and secondary variables. 
Figure 1 Schematic and sequential workflow for the 3D regional static model. (A) structural model input 
made up of seismic horizons and faults. (B) Facies distribution simplified from a Vshale cut off 
criterion using the “most of” upscaled process in Petrel. (C) The 3D facies trend model is 
produced by combining: i) the facies fractions by zone, ii) the lateral facies fractions correlated 
to paleogeographic maps, and iii) the facies vertical probability combined with the lateral facies 
fractions. (D) 3D porosity model PHIE model guided by 2D grids of spatial and infill distribution 
of porosity data and conditioned to facies 3D model. (E) 3D horizontal permeability model Kh co-
kriged to 3D porosity model and conditioned to 3D facies model.  
 
The main challenges to build the UQ-SDAAP regional static model were: 
• Limitations due to sparse data control (e.g. paleogeographic maps) 
• The population of numerical outputs into a geological context (parametrisation) (e.g. paleogeographic 
maps, range and distribution analysis) 
• Numerical data analysis and data selection for modelling purposes (e.g. distributions, cross-plots, 
interactive geology/petrophysics evaluation etc) 
• Computational limitations of software (the long time lapse for each model run) 
• Selection of the most appropriate statistical model (e.g. SIS and SGS) 
The input data used for building the regional geological model includes maps, seismic and well data. 
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Maps 
• A total of five paleogeographic maps, one for each of the main stratigraphic zones 
• A digital elevation model (topographic map) 
• A regional geological map depicting the main tectonic events of the basin 
Seismic Data 
Seismic data coverage is concentrated in the northern part, as well as the eastern and western flanks of the 
basin. Full details of the seismic data used in the model can be found in Gonzalez et al. 2019a. In summary, 
seismic interpretation primarily focused on tracing three horizons (i.e. seismic events) across the basin: 
• Top Transition Zone near J20 (Seismic Event 2) 
• Top Blocky Sandstone Reservoir TS1 Seismic Event 4) 
• Base Surat Unconformity J10 (Seismic Event 5) 
Note that three additional surfaces are ‘phantomed’ from the above horizons, two of them subdivide the 
Transition Zone into three zones (TS1-MFS1; MFS1-SB2 and SB2-TS3) and the third one represents the top 
of the Ultimate Seal J30. 
Well Data 
The well data that defines the spatial distribution of property data is extracted from wells containing a full 
suite of logs, whereas well tops are obtained from all the possible wells correlated in the basin. Available 
wireline log interpretations are the major input for the property model. The property model was based on ca. 
70 wells with Kh, 207 wells with PHIE and 285 wells with Vshale data (Harfoush et al. 2019d).  
3. Structural modelling 
The regional static model contains three main ‘zones’ from bottom to top: [1] Blocky Sandstone Reservoir; 
roughly equivalent to the Precipice Sandstone; [2] Transition Zone: roughly equivalent to the lower 
Evergreen Formation and comprising silty shale and sandy interbedded units; and, [3] Ultimate Seal: roughly 
equivalent to the Westgrove Ironstone Member as well as silty and shaly layers of the Upper Evergreen 
Formation.  
To characterise the impact to fluid flow of the various sandy strata and capture a higher level of detail within 
the Transition Zone, subzones were defined (Figure 2). The subdivision in the Transition Zone consists of 
the Lower Subzone (TS1-MFS1), the Mid Subzone (MFS1- SB2) and the Upper Subzone (SB2-TS3). This 
sub-zonation follows conformable surfaces in the UQ-SDAAP sequence stratigraphic characterisation for 
TS1-MFS1 and MFS1- SB2 and a percentage distribution for the upper subzone SB2-TS3. (see Gonzalez et 
al. 2019a for details). 
The static model is discretised in the lateral direction using a 250 m x 250 m grid. In the vertical direction, the 
geological zones defined by the seismic and phantomed horizons are divided into layers. Depositional 
cyclicity informed on layering resolutions. For instance, a homogeneous lateral shale unit such as MFS1-SB2 
would have coarser layering. Whereas, higher-resolution layering is applied near the boundary between the 
Blocky Sandstone Reservoir and the Transition Zone. This is because CO2 migration due to buoyancy is 
more likely near this boundary (based on results of the 10 km x 10 km sector model simulation) and this is 
also where the Transition Zone tends to be sandier and siltier. Due to the regional scale and homogeneity in 
the lithological characteristics of the Blocky Sandstone Reservoir, the layering for this zone was devised with 
the aim of capturing the bulk sandy properties, which are around 15m thick (Figure 2). Thin muddy layers 
within the Blocky Sandstone Reservoir are 1 m to 2 m thick and cannot be explicitly captured in a regional 
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model. However, the Block Sandstone Reservoir parameterisation incorporates the low permeability of this 
muddy lithology. 
The layering option in Petrel that followed the top of the Blocky Sandstone Reservoir surface TS1 is used to 
represent the Block Sandstone Reservoir’s truncation against the Base Surat Unconformity. Proportional 
layering is applied to all the subzones in the Transition Zone and the Ultimate Seal Zone, except for the MFS1-
SB2 subzone, which is determined by fractions of the total zone thickness. The layering process is summarized 
below: 
• Ultimate Seal zone: 8 proportional layers 
• SB2-TS3 Subzone of the Transition Zone: 8 proportional layers 
• MFS1-SB2 Subzone of the Transition Zone: Fraction layers with the relative portions of 2, 2, and 1 
(e.g. the first layer is 2 times thicker than the bottom layer) 
• TS1-MFS Sub-zone of the Transition Zone: 8 proportional layers 
• Blocky Sandstone Reservoir Zone: Layers every 15 m following the top surface, allowing truncation 
(onlapping) for the bottom layers 
Figure 2 (A) A 3D perspective of the structural framework and model boundaries. Grey polygons denote 
faults, the white background represents structural contours for the J10 unconformity surface and 
the cross sections exhibit the sequence stratigraphic framework across the basin. (B) Modelled 
zones and layering for each stratigraphic unit. (C) An example of the layer discretisation. 
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All the major faults interpreted or combined with those mapped as part of the faults and fractures project 
(Copley et al. 2017) are incorporated into the regional static model Figure 2.  
A total of 30 faults rooted at the base of the Surat Basin were gridded, cut and their fault planes extrapolated 
through the relevant stratigraphy. Further, pillar gridding refinement may be required for local models. This 
has a direct impact on estimated connectivity across these faults, therefore re-evaluation of throws and fault 
geometries is necessary for local higher resolution models. 
4. Facies model 
A facies model was constructed to integrate various geological data with the regional depositional trends 
conceptualised from paleogeographic maps (La Croix et al. 2019c). Facies also guide the population of rock 
properties across areas of the basin where data is otherwise sparse. Considering the regional scale of the 
model, the facies model was simplified into four gamma ray derived facies instead of the 19 core facies (La 
Croix et al. 2019a). The facies classification was derived from Vshale cut offs obtained from wells with Gama 
Ray logs as follow: 
• Vshale facies sand (braided system and localised fluvial channels) Vshale < 15% 
• Vshale facies silty sand (fluvial to distributary channels) Vshale 15% - 35% 
• Vshale facies silt (muddy sandstone layers) Vshale > 35% - 60% 
• Vshale facies mud (shales and muddy layers) Vshale > 60% 
The Vshale cut offs and the Vshale up-scaled facies obtained from the ‘most of’ method are fine-tuned using 
core facies prediction from machine learning and neural network models (La Croix et al. 2019c) to obtain 
geologically-realistic Vshale cut off values for each facies. Figure 3 compares core facies classification and 
Vshale derived facies. The Vshale facies tend to group differently than the core facies. Facies dissimilarity is 
more obvious in the mid Vshale range, whereas the lower Vshale intervals are better correlated. There is no 
direct facies correlation for the mid Vshale range as the facies association from core data includes results from 
a full suite well logs. As an example, the Vshale facies silt can be contrasted to a wider core facies association 
such as SB (distributary channels sands), SMB (interbedded sandstone and muds) and SC (splays 
sandstone) as observed in Figure 3. This variation is associated with changes in rock properties. As a result, 
the Vshale facies silt cut off intends to capture the uncertainty in the vertical and lateral distribution of rock 
properties. This intermediate classification is considered to be re-defined as a Vshale facies silty sand or Vshale 
facies mud with their respective statistical distribution for further sensitivity analysis and dynamic simulation 
scenarios. (Rodger et al. 2019d). 
In general, the stratigraphic Vshale facies variation in the vertical direction is characterised by sandy lithologies 
in the Blocky Sandstone Reservoir to interbedded silt and shale strata in the Transition Zone and 
predominantly shale units in the top part of the Ultimate Seal. 
Simplified paleogeographic maps are created with Vshale derived facies distributions and can be compared 
with core derived facies paleogeographic maps in Figure 4. The paleogeographic maps are mainly 
representative of the Transition Zone and Ultimate Seal. Vshale facies sand is uncommon in these zones, thus 
simplified facies maps only illustrate the other three facies (siltier sandstone, shale and silt). The Blocky 
Sandstone Reservoir is mainly lithologically consistent and homogeneous across the basin, whereas the 
Transition Zone and Ultimate seal tend be more heterogeneous vertically.  
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Figure 3 Up-scaled facies classification from Vshale compared to core facies prediction. Vertical 
heterogeneity is captured in the up-scaled cells.  
 
Figure 4 Schematic paleogeographic maps by stratigraphic zones from core facies left and Vshale facies 
right. 
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In general, maps conceptualising the paleogeography in the Transition Zone indicate a series of retrograding 
and prograding fluvio-deltaic systems with sediment supplied from the eastern, western, and southern flanks 
of the basin in systems flowing towards the syncline axis where facies tend to be shalier (La Croix et al. 
2019c). Depositional environments grade laterally into one another; however, the precise position of sand 
prone channels is uncertain and this uncertainty is only reduced where well data exists. Facies modelling 
was employed to help incorporate these depositional features and larger scale (regional) trends into the 
regional static model. However, a degree of uncertainty occurs in the basin centre where data is sparse and 
the resultant 3D facies model was less constrained. Figure 5, exhibits the data required to generate the 3D 
facies model, which includes: 
• A conditioned 3D regional facies background domain - Figure 5 (A) 
• A horizontal probability trend input following 2D maps facies fractions distribution. 2D maps represent 
well facies fractions for each stratigraphic unit co-kriged to simplified paleogeographic maps - Figure 
5 (B) 
• A vertical probability trend from up-scaled facies proportions from wells obtained using the “most of” 
method in the data analysis process - Figure 5 (C)  
Vshale derived facies were extended from the wells into a 3D grid using the GRFS Algorithm in Petrel.  
Figure 5 Schematic 3D facies workflow illustrating the required input data. The Vshale sandy facies is yellow, 
siltier sandstone is orange, silt is brown and mud is blue for figures A, C and D. (A) is an example 
of the generated 3D facies background. (B) presents an example of a 2D facies distribution where 
the purple colour denotes low probability of sand and blue represents a higher probability 
according to the paleogeographic distribution. (C) is the vertical facies proportion for a particular 
zone. (D) is a representation of the resultant 3D facies model for a specific layer. 
 
 UQ-SDAAP | Regional static model 12 
 
The workflow was applied to all the stratigraphic zones except for the Blocky Sandstone Reservoir. As that 
interval is almost entirely Vshale facies sandstone, it is difficult to distribute heterogeneity using a facies-based 
approach. As a result, only 2D fraction maps and vertical facies proportions were used as primary input. 
Thickness (a proxy for accommodation space) is the main guiding factor to establish a trend at a regional 
scale for the Blocky Sandstone Reservoir (fluvial braided system). The vertical distribution for each facies 
takes data at well locations and up-scaled values constrain their distribution in the model. 
The generated “3D facies background” represents the “most of” (predominant facies) present in each 
stratigraphic unit. This workflow is performed for all the subzones in the Transition Zone and the Ultimate 
Seal. Each zone and its 3D distribution is trended laterally using the respective paleogeographic map and 
populated using GFRS while honouring the well data at each location. The “most of” facies colour code 
obtained at each well by zones represented in the modelling as follows (Figure 6):  
• Vshale facies sandstone (code 1) (yellow dots). Termed in Petrel model Blocky Sandstone “Facies” 
• Vshale facies  silty sand (code 2) (orange dots). Termed in Petrel model Other Sandstone 
• Vshale facies mud (code 3) (blue dots) Termed in Petrel model Shale 
• Vshale facies silt (code 4) (browns dots) Termed in Petrel model Silt 
Figure 6 (A) A simplified paleogeographic map for the TS1-MFS1 stratigraphic interval of the Transition 
Zone. (B) A 3D background of the “most of facies” from well data co-kriged with the 
paleogeographic map. Coloured dots represent the up-scaled “most of facies” at the well location. 
The red dashed ellipse indicates an example where derived facies from well data did not match 
the background simplified paleogeographic map A. However, map (B) shows the facies honouring 
the well data where the paleogeographic trend is slightly modified.  
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In many cases the well data does not reflect the facies distribution in the schematic paleogeographic map, as 
observed on the N-W flank of the basin (e.g. Durham Ranch field in the red circle in Figure 6). These 
disparities are corrected in the creation of the 3D background where the primary input is the well data and 
the lateral control follows geological judgment based on trends observed in the paleogeographic maps to 
address the areas lacking well data. 
The 2D fraction maps guide the lateral 3D facies population process. They represent the spatial variation of 
the Vshale facies from well data in each stratigraphic zone. The fractions are the percentage of the selected 
facies code in a given zone (Figure 7). The GRFS algorithm populates the fractions using the statistical 
distribution from well data and the paleogeographic maps as collocated co-kriging variable. As stated 
previously, variograms and correlation coefficient for each stratigraphic unit are selected based on geological 
inference. The sum of all 2D coded facies fractions should add up to 100% in each cell. Thus, to generate 
the 3D facies model, the integrated 2D facies fraction maps for each zone are re-scaled and normalised in 
Petrel (trust fractions method). The resultant 2D fractions map for each facies code at each stratigraphic unit 
is also used as the co-kriging variable to drive lateral trends in PHIE and Kh 2D maps as explained in the 
property modelling section 
Figure 7 2D maps of the lithological Vshale fraction for the TS1-MFS1 stratigraphic interval of the Transition 
Zone. Figure A represents the siltier sandstone facies and Figure B the shale facies. The inset 
map is the simplified paleogeographic map of the unit.  
 
The 2D fractions maps can be interpreted as a function of probability as it is in direct proportion to the Vshale 
facies percentage representation. For example, Figure 7 (A) shows the 2D fraction map for the Vshale facies 
silty sand and Figure 7 (B) shows the 2D fraction map for the Vshale facies mud, across the TS1-MFS1 
stratigraphic interval. Dots on the map are locations of fraction values at wells; blue colours denote higher 
percentage/probability of the coded Vshale facies to be present whereas purple colours represent lower 
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probability. For instance, Vshale facies silty facies has higher probability to be present at the basin margins 
while the presence of the Vshale facies mud is more probable towards the syncline axis where it is shale 
dominated in accordance with the paleogeographic maps. 
The other main input integrated into the facies modelling is the vertical facies proportion distribution used to 
estimate the percentage of each facies within each layer of cells. Figure 8 displays an example of the vertical 
facies proportion. The basal layer contains the highest Blocky Sandstone Facies proportion, but the overall 
proportion is less than the other facies. The proportion decreases upwards such that is almost not present by 
the top of the interval. Thus, the expected 3D facies distribution for the shallower layer will honour this 
proportion distribution. This is approximately 60 % Vshale facies mud and 15% Vshale facies silty sand, 20% 
Vshale facies silt and 5% Vshale facies sands as observed in the map Figure 8 (B).  
Figure 8 (B) shows that a small proportion of the Vshale facies sand and silty sand is located along the flanks 
of the basin and the patchy areas of these facies in the mainly mud dominated basin centre, represent 
localised features honouring well input data. The same process was applied to all the layers in the model. 
The results are validated by comparing cross sections of the basin with the paleogeographic maps and well 
data. 
Figure 8 (A) An example of a vertical facies proportion. The proportions are calculated for each layer in the 
model. Left column denotes facies proportion in percentage and right column the facies probability 
curves. (B) A facies map representing the distribution for the top layer (20) in the vertical 
distribution figure A. 
 
 
Figure 9 is a summary depiction of the validated facies model. Figure 9A shows the modelled facies 
distribution for layer 27, the basal layer from the TS1-MFS1 zone. This figure illustrates the spatial 
distribution of Vshale facies silty sand, where more are located in the central and northern part of the basin 
and towards the eastern and western flanks. Figure 9B is the paleogeographic map for the TS1-MFS1 zone. 
Figure 9C is a 3D tilted expanded view of the model within the red polygon drawn on Figure 9A and 9B. The 
data in the red polygon depicts a more sandstone prone area in the centre of map (A), which is not captured 
in the paleogeographic map (B). However, offset well data in this sector (Figure 9C) contains Vshale facies 
silty sand. This facies is embedded within the regional paleogeographic trend and its extent is limited and 
localized evidenced by offset well data. Figure 9D is the histogram of the well data, the processed up-scaled 
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wells, and 3D model cells. Figure 9E is a cross section illustrating the vertical and lateral variability of the 
facies for all the zones. A sharp change in facies occurs between the Blocky Sandstone Reservoir and The 
Transition Zone (sandier to siltier and shale).  
Figure 9 A 3D facies model where (A) shows the facies distribution for layer 27 within the TS1-MFS zone. 
(B) depicts a simplified paleogeographic map for the MFS1-TS1 zone. (C) is the tilted 3D facies 
model in the red polygon on Map A and B (D) a Vshale facies histogram of well data (red bars), up-
scaled values (green bars) and 3D model results (blue bars). (E) is a cross section from west to 
east showing the lateral and vertical facies variations of all zones and vertical facies of other wells. 
The location of the cross section is shown by the blue line on Map A. 
 
5. Property modelling  
The reservoir property model is developed to provide a single value of effective porosity (PHIE) and 
horizontal permeability (Kh) in each cell. This a major input for dynamic reservoir simulation. Effective 
porosity and horizontal permeability data is derived from well logs, core, and DST analysis where well log 
data is calibrated against and converted to a continuous vertical representation of calculated PHIE and Kh. 
(see Harfoush et al. 2019a, 2019b, 2019c and 2019d).  
The PHIE and Kh are determined from continuous petrophysical logs. PHIE and Kh are up-scaled using the 
arithmetic mean and populated throughout the model in 3D considering vertical and horizontal trends. In 
areas devoid of wells, porosity-depth trends are applied to sandier facies (i.e. Vshale facies sands and facies 
silty sand) focused on the Blocky Sandstone Reservoir taking into account porosity reduction with depth.  
Following the (vertical) up-scaling at the well locations, the grid was populated in the lateral direction with 
GRFS method to fill the 3D modelling domain in Petrel. The rock properties are distributed and conditioned 
to the facies distribution in each stratigraphic zone. The vertical and lateral variation within the data is 
obtained from: i) variograms, ii) histograms of statistical analyses and iii) co-kriging secondary variables such 
us: a vertical function (porosity depth trends for Vshale facies sands and facies silty sand) and a horizontal 
variable, provided by the input of 2D property maps for each Vshale facies. 
The representativeness of variograms are subject to well density. The range, which is the maximum distance 
where sample values still depend on each other, is selected after running several iterations to get the closest 
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regional trends associated to paleogeographic information and the geological concept (i.e. porosity data from 
the northern part of the basin are not representative of the central and south region, therefore the ranges are 
truncated and restricted to proximal areas of influence). 
The statistical distribution (PHIE and Kh histograms) uses the standard method in Petrel and a general 
distribution function. The general distribution function was selected because it allows the combination of a 
best-fit histogram obtained from well data, input range and the expected values and trends from 2D property 
maps away from the well locations. This data combination is more commonly applied to Kh distributions due 
to a paucity of permeability logs. The 2D property maps fill data gaps geographically in alignment with the 
conceptual geological model. The 2D property maps for PHIE and Kh are built using GRFS co-kriged to the 
2D Vshale fraction map within each Vshale facies as is described in the facies modelling section.  
The co-kriging variable for the vertical function uses depth trends for the sandier facies obtained from 
petrophysical log and core calibration. For the horizontal variable, the 2D property maps are used as input to 
kriging. A 3D trend with identical values for all cells with similar x,y coordinates is superimposed to the 2D 
property maps. 
The Blocky Sandstone Reservoir was subdivided into two main geographic regions for statistical analysis 
and property population: the northern region and central southern region (Figure 10). The reservoir 
properties of the Blocky Sandstone Reservoir show an abrupt change between the northern and southern 
part of the basin. One of the main differences observed was that the horizontal permeability ranged from 
mean values exceeding 1 Darcy in the northern depositional centre to 10 mD - 100 mD in the southern 
portion of the basin (Figure 10B). There are also petrophysical differences in porosity depth trends from the 
northern wells compared to the southern wells. The depth trend function for sandy facies in the southern 
region is offset towards lower porosity values than the depth trend function for the northern region (Harfoush 
et al. 2019a and 2019d). In addition, the southern region tends to have higher clay content in the Blocky 
Sandstone Reservoir (see Harfoush et al 2019a). These differences could be related to provenance, 
mineralogical composition, and burial depth differences between the two regions. Future studies should 
focus on better understanding the cause of these differences. 
Details of the property modelling are presented in the next section. Figure 10 illustrates the well locations 
used for modelling properties. Permeability log data, Figure 10B has considerably less data control than 
porosity because permeability can only be determined with a full suite of logs. In comparison, data density 
for porosity (Figure 10A) is higher in the northern and the eastern site of the southern region. The 
background is the isopach map of the Blocky Sandstone Reservoir delimited by the blue line. The red 
polygons denote the limits of the northern and southern regions for the Blocky Sandstone Reservoir 
modelling conditions. Coloured dots are the well average PHIE and Kh values for the Vshale facies sandstone 
within the Blocky Sandstone Reservoir.  
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Figure 10 PHIE and Kh well log location in the Surat Basin. PHIE is displayed in figure A and Kh in figure B. 
Background map is the Blocky Sandstone Reservoir isopach and the contours in black represent 
the top Blocky Sandstone Reservoir structure. Contour interval is 500m.  
 
 
5.1.1.1 Effective porosity 
The conceptual model for PHIE is primarily linked to Vshale facies and subsequently the 3D facies are the 
main input to populate the PHIE. Figure 11 shows the three main parts of the workflow for characterising and 
populating PHIE:  
A. Data input from the up-scaled PHIE at wells averaged by facies (Figure 11A) 
B. Generate and validate the PHIE statistical distribution using 2D PHIE grids for each stratigraphic 
interval to fill the spatial structure. Use resultant 2D PHIE maps to guide lateral trends in the 3D 
model distribution by facies. Apply the vertical depth trend for sandy facies only (Figure 11B) 
C. Incorporate the resulting values assembled in phase B and populate it to a 3D PHIE conditioned to 
3D facies (Figure 11C) 
The workflow was applied to all layers and cells in the Transition Zone and Ultimate Seal for regional 
modelling. The PHIE modelling approach for the Blocky Sandstone Reservoir was conceptualised differently 
as the reservoir parameters are distinct from north to south. The southern region is where the notional 
injection area is defined and has the largest data gap in the basin. A representative PHIE statistical 
distribution for this region was estimated as described in Roger et al 2019e.  
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Figure 11 Schematic workflow and phases of the 3D PHIE modelling procedure. Phase A: average Phie 
well data by facies. Phase B: distribution, 2D trends used to fill in spatial structure of PHIE and 
reservoir depth trends. Phase C: PHIE 3D population conditioned to 3D facies incorporating 
phase B data results. 
 
 
The resulting distribution was fitted using a similar probability density function that was used for the 3D PHIE 
Blocky Sandstone Reservoir model in the southern area. There was no need to shift the depth trend 
distribution in the northern region as this area is shallow and has better well data coverage. 
Once the final PHIE distributions are defined for all the facies in each zone the PHIE data is populated from 
the offset well data across the basin. This is applied to every cell which is conditioned to the 3D Facies 
model and guided by horizontal trends using their respective 2D PHIE maps by facies and vertical trends 
(depth trends) for sand facies (i.e. Vshale facies sand and silty sand). 
The resultant 3D model is inspected by layer to ensure consistency with the geological concept. For 
instance, the high porosity values should be associated with sandy facies, which should have porosity 
decreasing with depth and the sandier facies. These tend to be located paleogeographically towards the 
edges of the basin within the Transition Zone. In addition to this, the syncline axis is dominated by shale silt 
facies within the Transition Zone where only low porosity values are expected. 
Figure 12 exhibits the results of the 3D PHIE model for the layer TS1-MF1 as an example, which is 
consistent with the regional geological model. Figure 12A shows the 3D facies distribution for this layer and 
the 3D PHIE. In Figure 12B, porosity values are displayed in magenta where it is <6%, in green within the 
interval of 10% to15% and yellow where PHIE> 5%, respectively. Note that low porosity is associated with 
the Vshale facies mud in Figure 12A and higher porosity can be found in areas with Vshale facies sand. 
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Figure 12 3D PHIE model development. A: 3D facies distribution map for layer 27, which is the base of the 
TS1-MFS zone. B: 3D PHIE distribution map for layer 27. C: histogram of well PHIE data (red 
bars), up-scaled values (green bars) and 3D model population (blue bars). The histogram shows 
that cells with low porosity (left red bars in the graphic) when modelled (blue) are skewed slightly 
to higher values. D is a cross section from west to east showing the lateral and vertical PHIE 
variation of all zones while figure E is the same cross section showing the vertical facies variation. 
Red circles on the cross section identify examples of how facies can be related to PHIE. There is 
an increase in siltier layers on the western edge of the basin and therefore higher porosity values 
as well. The location of the cross section is shown by the black line on Map B. 
 
5.1.1.2 Horizontal permeability  
The model for horizontal permeability (Kh) was based on the geological concept that cells with high 
permeability are associated with sandstone facies with good porosity. Thus, the 3D Kh model is conditioned 
to 3D facies and co-kriged with PHIE. The three phases of the Kh model workflow are shown schematically in 
Figure 13: 
A. Data input from the up-scaled Kh is averaged by facies (Figure 13A) 
B. Generate and validate PHIE statistics using 2D Kh grids to fill the spatial structure. Use the resultant 
2D grid of Kh by facies for lateral trends in the 3D model distribution (Figure 13B) 
C. Incorporate data from phase B and populate it into a 3D Kh distribution conditioned to 3D facies and 
co-kriged to 3D PHIE (Figure 13C) 
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Figure 13 Schematic workflow for the 3D Kh model. Phase A: average Kh from well input data by Vshale facies. 
Phase B distribution and 2D trends to fill in spatial structure of Kh. Phase C: Kh 3D population 
conditioned to 3D facies and co-kriged to 3D PHIE. 
 
Statistical histograms of Kh data rely more on the distribution obtained from 2D Kh maps than porosity, 
because permeability data density is considerably lower in comparison with PHIE. An example of a best fit 
distribution using 2D Kh grids is shown in Figure 14 that shows the difference between the Kh distribution of 
the siltier sand facies and the Blocky Sandstone Reservoir in the southern region. Blue bars in the histogram 
represent the average Kh at the well location and the green bars are the distribution obtained from the 2D 
gridded Kh well data. The gridded data in green bars are skewed to higher values compared with matched 
well data (blue bars) that fill the well data gaps consistently.  
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Figure 14 Kh distribution histograms (top figure) from well data (blue bars) and 2D gridded well data (map 
below and green bars in the histogram).  
 
 
Horizontal permeability data is populated for all layers in all zones following the workflow described. As 
indicated in the PHIE model, the Blocky Sandstone Reservoir was divided into two regions for modelling. 
Figure 15 illustrates the resulting static model for 3D Permeability. Figure 15A is a map view of a middle 
layer of the Blocky Sandstone Reservoir. High permeability exceeding 1 Darcy (red and brown) is 
encountered in the northern flank as reported in core and ground water data. The southern region is green to 
blue with a few cells of yellow, indicating permeability ranges from 0.1md to 300md. It is worth noting that the 
average Kh from well data for the Blocky Sandstone Reservoir shown in colour code dots match with the 
trend of the map. Figure 15B, 15C, and 15D are a series of cross sections for the 3D Kh model that show the 
lateral and vertical variation of permeability. 
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Figure 15 (A) 3D Kh map view of the Blocky Sandstone Reservoir middle layer. Dots are average Kh derived 
from well data and the red polygons denote modelled region boundaries. High Kh is given by red-
brown colours and low Kh by blue-green colours. Figures (B) (C) (D) are 3D Kh cross sections 
with vertical exaggeration (1:25). The location of the cross sections are shown on figure A. 
 
 
Once the 3D PHIE and Kh models are built, an assessment is carried out to validate that the final model is 
consistent with the previously developed geological concepts for the Surat Basin. For instance, sandier 
facies should be associated with higher PHIE and Kh values (Figure 16A) and porosity depth trends suggest 
that PHIE and Kh will reduce with increasing depth for sandier facies (Figure 16).  
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Figure 16 Static model validation. (A) is the 3D modelled PHIE/Kh cross-plot colour coded by Vshale facies. 
As expected the Vshale facies mud in blue tends to be in the lower end of the rock properties and 
the Vshale facies sand in yellow tends to be in the high end. (B) is the model illustrating the PHIE 
depth trend for the Vshale facies sand in yellow. The red line denotes a schematic depth trend 
reduction on PHIE. 
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6. Conclusions 
A regional static model, and the team-based, process of building one, is a method of ensuring that the 
interpretation of many different data sets and data-types are internally consistent with sound geological 
principles and concepts. In and of itself, achieving this internal consistency is an essential method of 
uncertainty reduction both in the static modelling and dynamic, flow modelling domains. The exercise 
ensures that dynamic model scenarios are constrained within bounds set by data and geological principles. 
The regional static model was focused on providing a PHIE and Kh value for each cell in the 3D digital 
model. The regional model is controlled by scarce subsurface data and influenced by a geological concept 
mainly driven by regional paleogeographic depositional trends. In turn these trends were derived from 
extensive work on re-interpreting core data and making maximum use of core to wireline relationships (La 
Croix et al. 2019a, 2019b, 2019c, 2019d; Harfoush et al. 2019a, 2019b, 2019c; and Gonzalez et al. 2019a). 
To fill the 3D spatial structure with PHIE and Kh values away from well control, 2D grids for these properties 
were created and the resultant property distributions are checked for alignment to the geological concept and 
integrated with the well data for better regional control.  
Statistical input for the lateral distribution of properties such as variograms can be standardised due to the 
lack of statistically significant data density and the regional scale of the model. Thus, the lateral control relied 
on 2D gridded maps for each property partitioned by facies using GRFS methods. This statistical method is, 
similar to kriging, an estimation technique to generate the most likely value of PHIE or Kh at a point, 
irrespective of uncertainty. In addition to this, the GRFS was the most computationally efficient method 
considering the large amount of runs required (trial-and-error) and map generated for each facies in each 
stratigraphic zone. The rock properties were conditioned to the facies distribution to impose the geological 
concept on the resulting PHIE and Kh output.  
Model results for the reservoir properties show areas with higher porosity-permeability values in the north 
where permeability is in excess of 1 Darcy and these diminish noticeably to the south where the highest 
measured permeability is around 300md (Moonie Field). Favourable rock property values are predicted for 
the notional injection sector with mean permeabilty on the order of 40md to 45md. 
In general, the reservoir property distributions for the Blocky Sandstone Reservoir are one of the most 
challenging to model. Due to its lithological homogeneity across most of the basin and only localised 
changes in reservoir properties, it was difficult to characterise it towards the south. The difficulty in 
representing these small-scale heterogeneities in the paleogeographic distribution of the Blocky Sandstone 
Reservoir leads to the lateral distribution being constrained merely by its thickness and porosity reduction 
with depth. This is based on the assumption that sandier channels will be preserved in the thicker areas and 
thicker overburden is associated with increased diagenesis reducing porosity in deeper parts of the basin. 
The other zones (Transition Zone and Ultimate Seal) are modelled using the paleogeographic 
conceptualisation to control the spatial distribution of the facies and their properties.  
The regional static model is designated to be the base case reference for the regional groundwater and 
notional injection sector dynamic simulations. This is because the model uses deterministic log data obtained 
from petrophysical analysis extrapolated statistically under GRFS to estimate properties in areas without 
data by following a geological rationale. The outcome is still constrained by well and seismic data. The lack 
of data available in the Notional Injection Sector (southern part of the Surat Basin) imposes a higher level of 
uncertainty. Because of a significant change in reservoir properties across the Blocky Sandstone Reservoir, 
it is divided into two domains by placing an east-west boundary in the middle of the basin separating the 
northern shallow region with higher well density from the data sparse southern deeper region. Subsequently 
a different PHIE distribution approach and analysis for this region is required for further simulation and 
dynamic models.  
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It is important to stress that a considerable degree of uncertainty exists regarding the regional static 
geological model and its representation in the central-south region of the Surat Basin where the Notional 
Injection Sector area is located.  Further uncertainty reduction requires the acquisition of new data. 
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